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ABSTRACT 

During th i s  one y e a r  program, a cyclotron-resonance a c c e l e r a t o r  

(8.35 gc) was t e s t ed  up to 4150 watts, and was shown under p rope r  

conditions to convert  over  50% of the incident r-f power into d i rec ted  

motion of the acce le ra t ed  exhaust s t r eam.  

a t  t hese  s e v e r a l  kilowatt power levels w e r e  typically one to  four 

Continuous operat ing t imes  

minutes.  

Tota l  and sampling col lectors  w e r e  used to m e a s u r e  power and 

ion flux density within the acce lera ted  p l a sma  s t r e a m .  Ca lo r ime t ry  in  

the th rus  t o r  walls,  shielded antenna p ro  be s , b a r  e - e lec t rode  p r  obe s , 

and a microwave re f lec tometer  yielded addition th rus to r  charac te r i s t ics .  
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I. INTRODUCTION AND SUMMARY 
~~ ~ 

The magnet ic - resonance ,  or cyclotron- resonance  (Cyclops)  p l a sma  

a c c e l e r a t o r  is a continuous-wave (c-w),  e l ec t rode le s s  s y s t e m  which employs  

e l ec t ron  cyclotron resonance  coupling of power from a microwave  e l ec t ro -  

magnet ic  field to  the p l a sma  electrons.  

f e r r e d  f r o m  the t r a n s v e r s e  cyclotron motions of the e l ec t rons  to longitudinal 

The  power  is subsequently t r a n s -  

ion motion ( the reby  generat ing the v r equ i r ed  fo r  t h rus t )  by a magnet ic -  

f ield gradient/charge-separation-electric-field process .  

The  magnet ic - resonance  acce lera tor  is being evaluated under NASA 

sponsorsh ip  as a possible  space  propulsion engine. Since t h e r e  a r e  numerous  

o ther  e l ec t r i c  t h rus to r  concepts also being invest igated fo r  th i s  s a m e  purpose,  

it is p rope r  to cons ider  what advantages this  pa r t i cu la r  s y s t e m  has  which 

make  its study worth continuing. Three  bas ic  f ea tu res  can  be l i s ted :  

A. ELECTRODELESS 

Power  is coupled to the p l a sma  through a n  induced e l ec t r i c  

field. Th i s  avoids the e ros ion  problem resul t ing when l a r g e  

amounts  of power must  be t r a n s f e r r e d  to a p l a sma  through 

e lec t  rode s. 

B. RESONANCE 

Because  of the resonance coupling of power f r o m  the r-f field 

to  the p l a sma ,  essentially all of the r-f s o u r c e  power can  be 

t r a n s f e r r e d  by this device into the plasma. This  is i n  cont ras t  

t o  o ther  inductive ( e lec t rode less )  a c c e l e r a t o r s ,  which typically 

exhibit v e r y  poor coupling between the c i rcu i t  and the plasma.  
-1 - 



C. C ONTINU OUS -WAVE 

The magnet ic-resonance acce le ra to r  does not depend on 

self-fields and t h e r e f o r e  does not r equ i r e  the high peak 

powers of the pulsed acce le ra to r s .  Thus,  p roblems of high 

instantaneous voltage and c u r r e n t  a r e  avoided. 

This  report  cove r s  the work which has  been c a r r i e d  out during the 

th i rd  yea r  of effort on the cyclotron-resonance acce le ra to r .  

s u m m a r i z e  the p rogres s  which has  been made during this  th i rd  y e a r ,  i t  

w i l l  be in  o r d e r  f i r s t  to indicate br ief ly  where the pro jec t  stood at the 

beginning of this  third year .  

In o r d e r  to 

At the beginning of this  effort ,  s imultaneous exper imenta l  and 

theore t ica l  studies w e r e  initiated. 

in an  understanding of the impor tan t  r - f / p l a s m a  coupling p rocesses .  

need for  a properly-or iented,  c i rcu lar ly-polar ized  wave was recognized, 

the influence of Doppler broadening on the coupling p r o c e s s  was revealed,  

and the advantage of a broad r - f / p l a s m a  boundary, enhanced by high velocity 

g a s  injection and by a gradient in  the magnetic field, was hypothesized. 

The  theore t ica l  work resu l ted  p r i m a r i l y  

The 

After some ini t ia l  pulsed s tudies ,  the exper imenta l  effor t  eventually 

l e d  to a successful  medium power (320  watt) ,  S-band (2450 m c ) ,  c-w experiment.  

While this  experiment successful ly  acce le ra t ed  p l a s m a s  under  s teady-state ,  

c -w conditions, it a l so  pointed out some problem a reas .  F o r e m o s t  of these  

was  the problem of designing a d ie lec t r ic  wall  which would allow the r - f  

power to p a s s  into the p l a sma  but would a l s o  sus ta in  the s e v e r e  p l a sma  

- 2- 



heating. 

this  S-band acce le ra to r .  

An additional problem was the apparent ly  poor  m a s s  uti l ization of 

The des i rab i l i ty  of going to  higher power and higher  f requency was 

recognized a t  an  e a r l y  s tage  in this  effort, and as a r e su l t ,  another  ma jo r  

achievement  of the first two y e a r s  was to  get into opera t ion  a n  X-band 

(8350 m c )  exper iment  capable - of power leve ls  of s e v e r a l  kilowatts. 

Thus,  a t  the beginning of this t h i rd  y e a r ,  some  theore t ica l  under -  

standing of the a c c e l e r a t o r  was in hand, experience had been gained with a 

c-w a c c e l e r a t o r ,  and appara tus  was ready  to go on t o  higher-power,  h igher -  

f r e qu e nc y e xpe r i m ent s . 
The important  accomplishment of th i s  th i rd  y e a r  has  been to opera te  

a c-w, X-band, cyclotron-resonance p l a sma  a c c e l e r a t o r  a t  high power (up  

to  4150 wat ts)  and high power e f f ic iency(up  to -53)  under  s teady-s ta te  

conditions (up  to  4 minutes  28  seconds continuous operation).  These  exper iments  

have a l s o  demonst ra ted  that the coupling of power f r o m  the r-f wave 

p l a sma  can be v e r y  efficient,  that  is, g r e a t e r  than 95%. 

4, 

into the 

These  favorable  

accompl ishments  were  the r e su l t  of significant improvements  in acce le ra to r  

design. During the cour se  of these s tud ies ,  improved diagnost ics  techniques 

w e r e  a l s o  developed. 

With r e g a r d  to acce le ra to r  design, a basic  a c c e l e r a t o r  ( the  "longitudinal- 

in te rac t ion ' '  device) was designed at the beginning of the yea r ,  but two ma jo r  

changes in this  bas ic  design were  required to a t ta in  the final resu l t s .  F i r s t ,  

the window through which the r-f enters  the p lasma was changed. In addition, 

.*, -a--Def ined a s :  p lasma s t r e a m  power/ incident r-f power. 
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a f t e r  probing the r-f propagation into the p lasma and the hea t  l o s s  f rom the 

p lasma,  i t  was determined that a much s h o r t e r  a c c e l e r a t o r  should yield 

much higher  efficiencies. Accordingly, a s h o r t  model  was built and this 

ver i f ied the hypothesis by operat ing a t  be t te r  than 50% power conversion 

efficiency. 

As pointed out in the previous paragraph ,  diagnost ics  within the 

a c c e l e r a t o r  i tself  led to  a n  improved  acce le ra to r  design. 

improvements  in diagnost ics  included a s teady-s ta te  ca lo r ime te r  and a 

sampling probe a r r ay .  

Additional 

This  l a t t e r  ins t rument  h a s  shown that,  while the 

* acce le ra t ed  plasma s t r e a m  has  a complex c ross - sec t iona l  prof i le ,  it is 

m o r e  confined than would r e s u l t  i f  ions followed magnet ic  field lines. 

An al ternate  bas ic  design ( the  " t r ansve r se - in t e rac t ion"  a c c e l e r a t o r )  

was tes ted ,  with the indication being that it was not a v e r y  efficient system. 

It had unique features ,  however,  that  might make  it worthy of fu r the r  study 

a t  a l a t e r  t ime. 

Because of the a t t rac t ive  operat ing c h a r a c t e r i s t i c s  achieved during 

this  yea r ,  it is felt tha t  development of a cyc lo t ron- resonance  th rus to r  should 

continue. The following goals,  with possible  means  of attaining them, should 

be considered. 

1. Better determinat ion of t h rus to r  pe r fo rmance  by improvement  in  

diagnostic techniques:  A t h r u s t  s tand should be used  with the ca lo r i -  

m e t e r  to m e a s u r e  total  efficiency. 

p robes  should be improved to give independent m e a s u r e m e n t s  of 

P l a s m a  potential  and par t ic le  

-4- 
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velocity and m a s s  efficiencies. 

2. Improvement  i n  engine efficiencies : The effects  of var ia t ions  

i n  gas  injection, magnet ic  field shape,  gas spec ie s  and a c c e l e r a t o r  

geometry should be studied. 

3. Inc rease  in operat ing time : Improved efficiency will automatical ly  

lead to  l e s s  engine heating and the re fo re  l e s s  likelihood of fa i lure  

during long-duration tes ts .  In addition, fu r the r  improvement  i n  

window design and acce lera tor  cooling should be made. 

With r e g a r d  to eventual applications, s e v e r a l  o the r ,  longer - range  

goals should be kept in mind. 

should be made a s  soon a s  a final acce le ra to r  design and field shape have 

been made, 

The  development of high-efficiency r -f  sou rces  should be encouraged. 

Final ly ,  mi s s ions  on which the cyclotron-resonance th rus to r  can be employed 

should be identified. 

Conversion f r o m  coi ls  to permanent  magnets  

Eas i ly  s torab le  propellants (e. g., ces ium)  should be tr ied.  

-5 -  



2. EXPERIMENTAL PROGRAM 
LONGITUDINAL-INTERACTION ACCELERATOR 

2. 1 Apparatus 

2. 1. 1 Accelerator  Designs 

The  acce le ra to r s  used  during this  p r o g r a m  a r e  shown in F i g u r e s  1-  

4. Note that  there  a r e  two configurations,  s h o r t  and long. The  longer ,  m o r e  

heavily instrumented,  ve r s ion  was  the design or iginal ly  used during th i s  

y e a r ' s  studies.  

a c c e l e r a t o r .  

Information gained f r o m  i t  pointed the way to the s h o r t e r  

In the acce le ra to r s  shown i n  F i g u r e s  1-4,  the r-f power e n t e r s  ( f r o m  

c i rcu lar ly-polar ized  wave. The r-f power p a s s e s  
11 ' 

the left)  as a TE 

through the t ransi t ion piece and c e r a m i c  window into the evacuated region, 

continuous f low of un-ionized gas  is introduced ju s t  beyond the window, and 

a solenoidal, d-c magnet ic  field, coaxial  with the a c c e l e r a t o r  is genera ted  

by the coils. In the reg ion  ju s t  downstream of the window, the gas  is ionized 

and its electrons a r e  acce le ra t ed  in cyclotron o rb i t s  by the r-f field. 

a c c e l e r a t o r s  a r e  t e r m e d  "longitudinal-interaction" devices  because  of the 

f a c t  that  the direction of flow of power f r o m  the r-f field to the p l a sma  is 

pa ra l l e l  with the magnet ic  field. 

A 

T h e s e  

As the energized p l a sma  flows down the a c c e l e r a t o r  it p a s s e s  through 

a region of expanding magnet ic  field which conver t s  the e lec t ron  paths from 

t r a n s v e r s e  cyclotron o rb i t s  to longitudinal t r a j ec to r i e s .  

plasma ions a r e  acce le ra t ed  longitudinally by the e l ec t r i c  field genera ted  

Final ly ,  ~ the 

- 6 -  
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F igu re  4b. Longitudinal-Interaction -Accelerator ( shor t  vers ion) ,  Showing 
( f r o m  lef t  to right) P l a s m a  Chamber  Body with Contoured Exit  Or i f ice ,  and 
G a s  Inlet Tube, Beryl l ium Oxide Window ( P e r i p h e r a l  Gas  Injection), and r - f  
Transi t ion Piece . 
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as  the  e lec t rons  at tempt  t o  sepa ra t e  away f r o m  the ions. 

Some fea tu res  of these  acce lera tor  designs should be noted. The 

waveguide dimension was expanded f r o m  1.152 inches to  2.000 inches 

ins ide  d i ame te r  in  o r d e r  to reduce the power density loading on the c e r a m i c  

window. 

fu tu re  s tud ies :  1). 

the window is increased  by increasing the diameter .  

waveguide d iameter  allows m o r e  than ju s t  the fundamental  T E  mode 

t o  propagate. Optical  observat ion of the d ischarge  ( s e e  F igu re  46) 

indicates  that  the ma jo r i ty  of the r - f / p l a s m a  t r a n s f e r  occur s  in a region 

n e a r  each injection port. Thus,  as  is ,  the en t i r e  c ros s - sec t iona l  a r e a  is 

not uti l ized, and e i ther  the diameter  should be dec reased ,  o r  the number 

of gas  po r t s  should be increased.  

Th i s  c rea t e s  possible disadvantages which should be explored in  

The r ad ia l  heat flow path length out f r o m  the center  of 

2). Increas ing  the 

11 

3 ) .  

A dominating fea ture  of these acce le ra to r  designs was to maximize  

the r a t e  at which heat  is c a r r i e d  away f rom the window. 

oxide windows were  used, the copper flanges w e r e  made  as thick as brazing 

techniques would allow, and copper gaske ts  w e r e  employed to enhance the 

hea t  flow out to  the acce le ra to r  body. 

t h e s e  acce le ra to r s ,  water  cooling around the back end of the t rans i t ion  piece 

was employed. A thermocouple,  inser ted  into a wel l  which extends f r o m  the 

back end of the t rans i t ion  piece up to a point v e r y  c lose  to the first copper 

gasket ,  is used  as an indicator of window tempera tures .  

Thus,  beryl l ium 

During m o s t  of th i s  y e a r ' s  t e s t s  with 

-1 1- 



The gas  flow p a t h  is observed  f r o m  the drawings ( F i g u r e s  1, 3 and 4) 

to  p a s s  f r o m  an annular  volume through f o u r  r ad ia l  holes i n  the window 

flange. Originally the gas  was pas sed  f r o m  the annular  volume through a 

rad ia l  hole to the center  of the c e r a m i c  d isk  and f r o m  the re  out to  the 

evacuated region through a hole along the axis of the c e r a m i c  disk. Th i s  

axial injection along the center  of the tube r a t h e r  than radial ly  at the  wal l  

is theoret ical ly  p re fe rab le  and should continue to  be cons idered  during 

future  studies.  F o r  these  2 inch windows, however,  it a p p e a r s  that  a n  

intense a r c  was c rea t ed  within the small r ad ia l  hole through the  c e r a m i c ,  

leading in  all cases  to  des t ruc t ion  of th i s  type of window. 

Before  the g a s  r eaches  the a c c e l e r a t o r  it p a s s e s  f r o m  a relat ively 

4 3  
l a r g e  (1.11 x 10 c m  ) r e s e r v o i r  and through a capi l la ry  tube. The  

flow r a t e  is adjusted by controll ing the r e s e r v o i r  gas  p re s su re .  

I t  should be noted that the copper c a l o r i m e t e r  buttons, shown i n  

F igu re  1, were  added a f t e r  taking the photograph f o r  F igu re  2. 

E a c h  of the magne t i c  field coils is dr iven  by its own va r i ab le  d -c  

power supply, thereby  allowing var ia t ions  in  the shape  as wel l  as 

intensi ty  of the magnet ic  field. The  field s t r eng th  f r o m  a coil  a r r a n g e -  

men t  of this so r t  i n c r e a s e s  with r ad ia l  dis tance away f r o m  the coi l  axis. 

Th i s  r e su l t s  in  the des i r ab le  fea ture  that  the f ie ld  tends to  focus 

pa r t i c l e s  away f r o m  the walls. 

by a cal ibrated flux m e t e r  (Sensit ive R e s e a r c h  Corporat ion,  Multi-Range 

Magnetic f ie ld  s t r eng ths  a r e  m e a s u r e d  

- 1 L- 



Flux  Meter ,  Model FM). 

2. 1. 2 R-f Sys tem 

The  r-f  s y s t e m  used to drive th i s  cyclotron-resonance a c c e l e r a t o r  

is shown i n  F i g u r e  5. The  power klystron d -c  cha rac t e r i s t i c s  a r e  held 

constant,  and frequency and power leve l  a r e  controlled by adjust ing the 

d r i v e r  k lys t ron  pa rame te r s .  

f requency m e t e r  i n  the d r i v e r  section, while r-f power is  de te rmined  by 

the c a l o r i m e t r i c  power m e t e r ,  which is matched  and coupled to  the ma in  

waveguide by the tune r  and calibrated coupler shown in F igu re  5. 

f lect ion coefficient is measu red  by the pa i r  of t h e r m i s t o r  

the ca l ibra ted  re f lec tometer  setup. In this  s a m e  ref lec tometer  sys t em,  a 

pa i r  of c r y s t a l  de tec tors  is included to  give s igna ls  proport ional  to  incident 

and re f lec ted  power for  c h a r t  r eco rde r  purposes .  F o r  each  tes t ,  then, the 

following power s igna ls  a r e  determined:  

Frequency is  m e a s u r e d  by the cavity 

Re- 

power m e t e r s  in  

1. Incident r-f power (absolute  m e a s u r e m e n t \ ,  by reading 

c a l o r i m e t r i c  power meter.  

2. Incident and reflected power ( each  s ignal  is a n  absolute  

measu remen t ,  but the i r  re la t ive  va lues  a r e  of pa r t i cu la r  

i n t e re s t ) ,  by reading the rmis to r  power me te r s .  

3. Incident and reflected power ( t i m e  reso lved) ,  permanent ly  

c h a r t  recorded ,  to determine t i m e  var ia t ions  in behavior and 

t e s t  durations.  A typical c h a r t  recording,  F i g u r e  6,  shows 

-13-  
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t i m e  behavior of incident and re f lec ted  powers  a s  well 

as o ther  pa rame te r s .  The incident r - f  power s s e e n  

to be s teady (neglecting the in te r fe r ing  p lasma noise 

s ignal) ,  and p l a sma  changes, dependent on o ther  

va r i ab le s  such  a s  magnetic f ie ld  s t rength,  can account 

for  the r eco rded  variations in the antenna probe  signal. 

A t une r  is incorpora ted  in the waveguide c i r cu i t  to match  the p l a sma  

load to  the waveguide and thereby  el iminate  ref lect ions.  

essent ia l ly  all of the k lys t ron  r-f power m a y  be coupled into the plasma.  

Between the tuner  and the acce lera tor ,  the wave is  converted to  a T E l l  

c i r c u l a r  mode and c i r cu la r ly  polarized. 

In th i s  way, 

2. 1. 3 Diagnostics Tank 

These  exper iments  have been conducted a t  the GE P l a s m a  

Engine T e s t  Faci l i ty ,  shar ing  this facil i ty with the "Reppac" p l a s m a  

a c c e l e r a t o r  p rogram (NAS3-3570) in o r d e r  to use  this  fac i l i ty ' s  high pump- 

ing capacity vacuum sys t em and high voltage power supply. 

to i n t e r f e re  with the "Reppac" studies,  however,  t e s t s  of the cyclotron- 

resonance  a c c e l e r a t o r  were  car r ied  out in  a s epa ra t e  tank, a t tached through 

a t en  inch gate  valve to the ma in  chamber.  This  tank, the acce le ra to r ,  the 

d-c  coi l  suppl ies  and some  of the microwave and instrumentat ion components 

a r e  shown in  F igu re  7. 

In o r d e r  not 

A drawing of the tank is shown in F igu re  8. 
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Figure  ?a. Microwave Magnetic Acce lera tor  Experimental  
Assembly - Accelerator  Side 

F igu re  7b. Microwave Magnetic Acce lera tor  Experimental  
Assembly - Instrumentation Side 
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2. 2 Diagnostic Techniques 

P rocedures  used f o r  measurement  of control lable  p a r a m e t e r s ,  

namely r-f power,  magnet ic  field s t rength and g a s  flow r a t e ,  have a l r eady  

been descr ibed.  Among the dependent ( p l a s m a )  p a r a m e t e r s ,  determinat ion 

of r-f ref lect ion coefficient has a l ready been discussed. The following 

sec t ions  cover the var ious  techniques which have been used during this  

p r o g r a m  to m e a s u r e  other  important p l a sma  cha rac t e r i s t i c s ,  

2. 2. I R- f  / P l a s m a  Interaction Region 

The depth of the boundary region in which the power i s  t r a n s f e r r e d  

f rom the r-f field to the electrons is  impor tan t  in  that i t  influences the 

coupling efficiency and i t  determines the minimum length of the acce le ra to r ,  

Thus ,  i t  is important  to m e a s u r e  the r-f field s t rength  and i t s  d e c r e a s e  

with dis tance into the plasma. 

Antenna probes ,  extending a s h o r t  way into the a c c e l e r a t o r  but 

shielded f r o m  the p l a sma  by quartz cove r s ,  a r e  used  to m e a s u r e  the s t rength  

of the r-f  f ie ld  a t  two places  in the r - f / p l a s m a  coundary region. The s ignals  

f r o m  these probes  a r e  detected by c r y s t a l  diodes and a r e  then displayed on 

osci l loscopes o r  osci l lographs (e.  g. ,  F igu re  6). One such probe is shown in 

F i g u r e  I ,  located one cent imeter  beyond the c e r a m i c  window. A second 

probe ,  identical  to the one shown,is positioned two-and-one-half cen t ime te r s  

beyond the window. 

2. 2. 2 T r a n s v e r s e  Power  Loss 

Although a l a r g e  percentage of the incident r-f power might be 

coupled to the p lasma,  l a rge  losses  of power f rom the p l a sma  to the 
-19-  



a c c e l e r a t o r  wal ls  could r e s u l t  i n  a device with low ove ra l l  efficiency. 

as will  be shown, overal l  power efficiency of the F igu re  1 a c c e l e r a t o r  was 

found to  be a t  mos t  2570, i t  became impera t ive  to t r y  and define the l o s s e s  by 

making a d i r e c t  measure  of the power going to  the walls. 

Since,  

The  "wall loss detection unit" shown in  F igu re  1 was designed fo r  this  

purpose.  In th i s  i n se r t  piece a r e  mounted four ,  thermal ly  insulated,  copper  

buttons whose faces a r e  flush with the a c c e l e r a t o r  inner  wall. 

of each  is measured  by a thermocouple: power is de te rmined  f r o m  the t e m p e r a t u r e  

change of a button during a t e s t  of known durat ion and f r o m  the hea t  capacity of 

e a c h but ton. 

2. 2. 3 

The t e m p e r a t u r e  

Sampling Pendulum / Calor imete  r 

F o r  propulsion purposes  it is n e c e s s a r y  to de t e rmine  the power and 

momentum ca r r i ed  by the acce le ra t ed  p l a sma  s t r eam.  

diagnosis  of the plasma engine cha rac t e r i s t i c s ,  it is additionally des i r ab le  to  

m a p  the power density and th rus t  densi ty  a c r o s s  the s t r eam.  

F o r  m o r e  complete  

During studies preceding this p r o g r a m  (Con t rac t  NAS5- 1046) ,  a com-  

bination pendulum/ca lor imeter  was used  f o r  these  purposes ,  and a similar unit, 

shown in  F i g u r e s  9-1 1, was built f o r  t hese  X-band experiments .  

ca lo r ime te r  and  its support  and dr ive  mechan i sms  a r e  shown, as bench-tested,  

in F igu re  9 and as a s sembled  into the 18" tank, F igu re  10. The  pendulum/ca lor i -  

m e t e r  i tself  is a 1-1  /211 d i ame te r  copper d isc ,  suspended on the end of a counter-  

balanced g l a s s  tube. The t e m p e r a t u r e  of the d i s c  is m e a s u r e d  by m e a n s  of a 

thermocouple ,  whose leads  a r e  brought out through the pendulum suspension points. 

An opt ical  technique is employed to de t e rmine  pendulum deflection. 

of this  unit a r e  as  follows: 

The  pendulum/ 

Sensi t ivi t ies  

pendulum: 93 dynes p e r  cen t ime te r  of counterbalance 
de f l e  c ti on. 
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Figure  9. Pendulum/Calorimeter  and Car r i age  System; 
Bench -Te st Setup. 
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Figure 10. Pendulum/Calor imeter  and C a r r i a g e  System, 
Installed in  18" I.D. Diagnostics Tank 
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0 t 
c a l o r i m e t e r :  12 - . 8 joules  p e r  C. 

The horizontal  posit ion of the pendu lum/ca lo r ime te r  is v a r i e d  by 

a threaded  drive which extends through the 18" tank wal l  and is dr iven  by 

hand crank  which can  be seen  i n  F i g u r e  la.  

de te rmined  by a s m a l l  d-c  g e a r  moto r  mounted on the c a r r i a g e  unit and is 

indicated by the set t ing of a coupled potent iometer ,  vis ible  i n  F i g u r e  7. 

F i g u r e  9 shows de ta i l s  of these ins t rumenta t ion  and d r ive  circui ts .  

The v e r t i c a l  posi t ion is 

This  ins t rument  was,  then, designed t o  be capable  of m e a s u r i n g  

t h r u s t  and power dens i t ies  throughout the e n t i r e  p l a sma  stream. 

be seen ,  the ca lo r ime t r i c  power m e a s u r e m e n t  was c a r r i e d  out, but the 

pendulum capability was not employed because of possible  e l ec t ros t a t i c  fo rce  

interference.  

point to  point was a l s o  l a t e r  d i scarded  in favor  of an a r r a y  of many p robes  

s imultaneously operat ing because of the complex na ture  of the s t r e a m  

c r o s s  sect ional  prof i le  and a l s o  because of the t ime consuming na ture  of the 

single probe  technique. 

2. 2.4 

As wil l  

The concept of a single sampl ing  probe being moved f r o m  

Three-Channel  Sampling P r o b e  A r r a y  

As a resu l t  of the s h o r t  comings of the pendulum/ca lor imeter ,  a new 

type of probe  was developed during th i s  con t r ac t ' s  work. 

the capabi l i t ies  of yielding power density,  ion flux densi ty  and ion velocity 

dis t r ibut ion,  in o ther  words,  m o r e  informat ion  than could be obtained f r o m  

the pendulum/calor imeter .  Although it was m a d e  to be scanned through the 

p l a sma  s t r e a m  (us ing  the pendulum/ca lor i rne te r  c a r r i a g e ) ,  i t  cons is t s  of 

This  new probe  has  
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t h r e e  probes ,  thereby  increas ing  the speed  and thoroughness  with which a 

given p l a sma  s t r e a m  can  be covered. A s  will  be shown, however,  the 

p l a sma  s t r e a m  f r o m  this acce lera tor  is sufficiently random and complex 

that  t h ree  s imultaneous channels a r e  not enough. 

A drawing of this  t h r e e  channel probe is shown i n  F igu re  12, and 

photographs a r e  shown in  F igu re  13. 

the p l a sma  stream f r o m  a platform which c a n  be moved so that points through- 

out the en t i r e  s t r e a m  can be probed. 

cyl indrical  copper  housing with end caps. 

( a  copper  cyl inder  with one end closed) is suspended by sma l l -d i ame te r  

qua r t z  rods.  

t hese  t h r e  e thermocouples  a r e  brought out through the hollow copper suppor t  

rod  and through braided copper shielding to the m e a s u r e m e n t  and record ing  

c i r cu i t ry  outside the vacuum tank. 

Th i s  unit  is hung ver t ica l ly  down into 

Each  of the th ree  probes  cons is t s  of a 

Within each  housing, a col lector  

A thermocuple  is attached to the back ends of each  col lector ,  and 

This  probe is mounted in the p l a sma  s t r e a m  so each  col lector  is 

"looking" through the 1 / 2  inch d iameter  end cap  holes  a t  the acce lera tor .  

The  co l lec tors  t he re fo re  sample  a p a r t  of the p l a sma  s t r e a m  a t  t h ree  different  

points. 

type of probe. The col lector ,  whose m a s s  is accura te ly  known, a c t s  as a 

c a l o r i m e t e r  whose r a t e  of tempera ture  r i s e  is a function of the power c a r r i e d  

by the collected p l a sma  s t r eam.  In addition, the col lector ,  through the in- 

sulated thermocouple  wi re s ,  can be ne  gatively biased with r e spec t  to  the 

housing so  that the flux of ions in the p l a sma  s t r e a m  can  be determined. 

This  sample  of the plasma s t r e a m  can  be s tudied in two ways by this  
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Figure  12. T h r e e  Channel Sampling P r o b e  
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Figure  13. Photographic V i e w s  of the Three-Poin t  Plasma 
Probe ;  End Cap  Orif ice  Diameter  in one-half inch 
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Ion velocity dis t r ibut ion m a y  be obtained by noting the change i n  ion 

c u r r e n t  as the col lector  is biased a t  i nc reas ing  higher  posi t ive potentials,  

SO that  e lectron collection by th i s  posit ively b iased  col lector  does not 

i n t e r f e re  with the ion measu remen t ,  the e l ec t rons  m u s t  f i r s t  be removed 

f r o m  the plasma s t r e a m .  The t h r e e  gr idded or i f ice  s t r u c t u r e  shown i n  

F i g u r e  14 was built f o r  this  purpose,  Unfortunately, confusing r e s u l t s ,  

believed caused by the p lasma Debye length being smaller than the gr id  wi re  

separa t ion ,  and the p r e s s  of o ther  m o r e  input m e a s u r e m e n t s  prevented 

obtaining m o r e  than p re l imina ry  information with this  instrument .  

2. 2.5 Sixteen-Channel Sampl ing-Probe  A r r a y  

A sixteen-channel sampling-probe a r r a y  was designed to m e e t  the 

following requi rements  : 

1)  Enough sampl ing  points ove r  a l a r g e  enough a r e a  to  yield a 

val id  mapping of a l a r g e  port ion of the p l a sma  s t r e a m  at one 

instant. 

Allow for  both ca lo r ime t ry  and ion flux determination. 2) 

Drawings of this probe a r r a y  a r e  shown in  F i g u r e  15; 

f o r  a photographic view of the a s s e m b l y  and F i g u r e  16 f o r  a view of the 

to ta l  a s sembled  system. 

as the 3-channel sampling probe,  the following changes have been made. 

s e e  F igu re  17 

Note that ,  whereas  the bas i c  design is the s a m e  

1) E a c h  probe has  been shor tened ,  and the design allows f o r  

e a s i e r  a s sembly  and repa i r .  

Spacing between the co l lec tor  and the f ron t  or i f ice  has  been 

reduced to  d iminish  any space  cha rge  l imi ta t ion  effect. 

2 )  
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F i g u r e  15. Arrangement  for  Operation of Acce le ra to r  Di rec t ly  into 36" Tank, 
Showing the Short  Longitudinal - Interact ion Accelera tor  and the 
16-Channel Sampling P robe  A r r a y  in  Operating Posit ion.  



Figure  6. Sampling P robe  A r r a y  Sys t em Mounted on 36" Diameter  Tank. 

F i g u r e  17. Sixteen-Channel Sampling P robe  Array .  
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3 )  A much f iner  m e s h  s c r e e n  is now used  to  provide be t te r  isolat ion 

between the col lector  and the ex te rna l  environment.  

This  probe had to  be r e t r ac t ab le  f r o m  the 36" tank i n  o r d e r  to  allow 

passage  of the large "Reppac" valve. 

compar tmen t  into which the probe r e t r a c t s  so that it could be instal led and 

removed without needing to  shut  down the 36" tank pumping system. Fortunately,  

a 10" valve was located f o r  th i s  purpose,  but this  of cour se  meant  that  the  width 

of the probe  a r r a y  had to be l imi ted  to  l e s s  than l o " ,  as shown i n  F i g u r e  15. 

It was a l s o  n e c e s s a r y  to valve the 

T h e  measu remen t  c i r cu i t ry  fo r  each  probe is shown in F igu re  18. When 

the DPDT switch is in  the "up" position, connecting the thermocouple  c i r cu i t  

to  the r e c o r d e r ,  a multipin r o t a r y  switch is used  to connect a s ingle  r e c o r d e r  

in sequence to each of the 16 probes.  

sufficiently long so that the t empera tu res  of all s ixteen co l lec tors  can be taken 

without need for  any cooling correct ion.  

The  t i m e  constant  of th i s  probe is 

T h e r e  a r e  16  m i c r o a m m e t e r s  s o  that ion c u r r e n t s  to  all s ixteen probes  

can  be measu red  simultaneously.  

of the 16 -me te r  panel, as shown in the photographs of F i g u r e  19 .  

noted f r o m  the data in F igu re  1 9  that ion c u r r e n t s  a r e  taken f o r  s e v e r a l  ( i n  this 

c a s e  th ree )  collector bias  voltages,  and the sa tura t ion  c u r r e n t s  a r e  in t e rp re t ed  f r o m  

f r o m  the result ing curves.  

to  re f lec t  the plasma e lec t rons ,  

is needed to reach ion sa tura t ion  current .  

a f t e r  the electrons have been ref lected,  the probe a c t s  as an  ion diode and is 

space -cha rge  limited, governed by the well-known Child-Langmuir  relation. 

The  l a r g e  collector voltage is  r equ i r ed  to  "pull  a c r o s s "  to the col lector  all 

the ions a r r iv ing  a t  the grid. 

C u r r e n t s  a r e  r eco rded  by taking a photograph 

It can  be 

Although only a few ten ths  of a vol t  should be needed 

i t  is s e e n  that on the o r d e r  of two hundred volts 

Th i s  is explained by real iz ing that,  
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7 0 v  10% 

160v 

Figure  19. Typical 16-Channel, Sampling Probe  Data;  3600 watts ,  
2 . 4 m g / s e c  (argon), Magnetic Field as shown in F igure  4a. 
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2. 2. 6 Total Ca lo r ime te r  

Although the sampling probes give a detailed mapping of the s t r e a m  

c r o s s  section, the lack of well-defined s y m m e t r i e s  makes  integrat ion over  

the total  s t r e a m  a tedious and unreliable procedure  for a r r iv ing  at values  fo r  

total  s t r e a m  power. 

an a b s ~ l u t e  rneasi~re  of total  p lasma s t r e a m  power is to use  a single,  l a rge  

The mos t  convenient and accu ra t e  method for  getting 

c a l o r i m e t e r  which in te rcepts  the ent i re  p l a sma  s t r eam.  

A total-  s t r e a m  ca lo r ime te r  has been employed during this  contract  

work. This  ca lo r ime te r  i s  a 10 inch d i ame te r  by 2 inch deep, cyl indrical  

copper cup with r ad ia l  baffle fins within the cup to expediate heat  t r a n s f e r  

f r o m  the p lasma to the ca lor imeter .  

d i a m e t e r  diagnostics tank ( F i g u r e  8) s o  that it was coaxial  with the acce le ra to r ,  

The cup was suspended in  the 18" 

with i t s  open end facing and 28 cent imeters  beyond the acce le ra to r  exit  orifice.  

Originally, t h c r n l o c o u p l ~ s  ( three ,  to insure  accura te  measu remen t )  were  

mounted on the back s ide  of this ca lor imeter ,  and i t  was used a s  a t rans ien t  

device,  in the s a m e  manner  as employed for  ca lo r ime t ry  with the sampling 

probes.  This  ca lo r ime te r  has  a sensitivity of 538 wat t /OC/sec  ( f r o m  the 

weight of the cup and the known specific heat of copper) ,  so  that intercepted 

p l a sma  power is de te rmined  by multiplying the measu red  r a t e  of t empera tu re  

r i s e  by 538. Since the t empera tu re  r a t e  is in prac t ice  obtained by measur ing  

the ca lo r ime te r  t empera tu re  before and a f t e r  a known durat ion t e s t  ( typically 

60  seconds) ,  this method necessar i ly  yields a t ime-averaged  result .  The 

p l a s m a  power data repor ted  in F igures  22, 24, and 26 - 29 were  taken with 

this  t r ans i en t  total  calor imeter .  
-35- 



In addition to the t ime-averaging  f ea tu re  of the t r ans i en t  ca lo r ime te r  

1 / 4 ”  long copper e lectrode.  T h i s  e lec t rode  was  at tached,  through a nine 

inch long quar tz  tube, t o  one of the sampling p robes  on the t h r e e  channel 

device ( F i g u r e  1 2 ) ;  it could t h e r e f o r e  s c a n  throughout the p l a sma  vo1ume, s ince,  

~ 

i t  will  be recalled,  the th ree  channel  probe was  mounted on a movable ca r r i age .  

it had the fur ther  undes i rab le  cha rac t e r i s t i c  that  it would overhea t  too 

rapidly and therefore  limit the durat ions of t e s t s .  Both of these  objectional 

, The qua r t z  support  tube a l s o  s e r v e d  as a shield f o r  the copper  wi re  which 

f ea tu res  w e r e  eliminated by converting the c a l o r i m e t e r  t o  a s teady-s ta te  

device. To  do this,  copper ,  water-cool ing l i nes  w e r e  added to  the back 

s ide  of the cup, and the  power was  then calculated f r o m  the m e a s u r e d  water  

flow ra t e ,  the measu red  difference between in le t  and outlet  water  t empera tu res ,  

and the known specific hea t  of water .  W a t e r  flow r a t e s  w e r e  general ly  i n  

the range 500 - 1000 c. c. p e r  minute. At t hese  flow rates, the c a l o r i m e t e r  

would take a few seconds to r e a c h  a new equi l ibr ium condition a f t e r  a change 

in p l a sma  power had occurred .  

2. 2. 7 P l a s m a  Space Potent ia l s  

Attempts w e r e  made  during this  y e a r ’ s  s tud ies  to  l e a r n  something 

of the charge-separat ion e l e c t r i c  field. Originally,  p a i r s  of fixed e l ec t rodes  

w e r e  in se r t ed  t r ansve r se ly  into the s t r e a m ,  and the f ie ld  was  calculated f r o m  

the m e a s u r e d  potential difference which developed between these  e l ec t  rodes.  

Conflicting resul ts  f r o m  these  p robes  lead  then to  use  of a s ingle  e lec t rode  

which could be moved along the s y s t e m  axis.  

This  single e lec t rode  potential  probe cons is ted  of a 1 / 4 ”  d iame te r  by  



connected the e lec t rode  to  the probe co l lec tor  and t h e r e f o r e  to  a n  ex te rna l  

c i rcui t .  

Because of shea th  e f f ec t s ,  the potent ia l  a s s u m e d  by a probe  of this  

s o r t  will  not be the potential  of the adjacent  plasma. Since shea th  

c h a r a c t e r i s t i c s  change fl*oni place to place,  e v e n  p t e n t i a l  d i f f e rences  will  

not be t rue ,  so  this  probe has  not been emphasized. 

m e a s u r e m e n t  is such, however,  that g r e a t e r  effor t  should be expended 

dur ing  fu ture  s tud ies  to  develop more  val id  techniques. 

The  impor tance  of th i s  
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2.3 Resul ts :  Original  (Long) Acce lera tor ;  Original  (Ducted) Window; 
Exhaust ing into 18" Diagnostics Tank 

Initially, tests w e r e  conducted with the 2" a c c e l e r a t o r  shown i n  

F i g u r e s  1-3, using waveguide windows which had gas  ducts  dr i l led  through 

them. 

wat ts  w e r e  employed, and flow r a t e s  w e r e  i n  the range  - 2 8  t o .  68 mg/ sec .  

The  objective of these  t e s t s  was to  invest igate  the dependence of operat ing 

cha rac t e r i s t i c s  (pa r t i cu la r ly  th rus t  and power efficiency) on f ie ld  s t rength,  

flow r a t e  and propellant species .  

as d i scussed  below, prevented taking the des i r ed  sys t ema t i c  s e t  of data. 

Argon w a s  the propel lant  gas. Incident power l eve l s  up  to  3200 

Repeated f a i lu re  of the waveguide window, 

As descr ibed previously,  the waveguide window is a d i sc  of high- 

densi ty  ce ramic ,  2 inches in  d i ame te r  and one-half wavelength thick. 

Dril led radial ly  f r o m  the edge to  the center  and then out along the axis of 

these  p ieces  is a hole through which the propel lant  gas  is injected into the 

acce le ra to r .  These windows, b razed  into copper flanges,  yielded v e r y  good 

vacuum seals and caused  v e r y  l i t t le  absorp t ion  o r  ref lect ion of the incident 

microwave  power. Under p l a s m a  conditions , however,  when bery l l ium 

oxide c e r a m i c  was employed, a f t e r  perhaps  1 5 - 2 0  minutes  total  accumulated 

operat ing t ime ,  the vacuum would begin to  de t e r io ra t e ;  

tested.  With aluminum oxide c e r a m i c ,  for  the one window tes ted ,  the window 

l a s t ed  only 6 seconds. Upon inspect ion of the window, it could be s e e n  that 

the c e r a m i c  ( i n  all t h r e e  window fa i lu re s )  had c racked  along the  d i ame te r  on 

which the  gas  inlet hole was located. 

two such  windows w e r e  

Blackening around the flange end of 
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this  hole suggests  that  a n  a r c  ignited within the gas inlet  hole. It then s e e m s  

probable  that this  a r c  caused high enough loca l  heating t o  c rack  the ceramic.  

Some in te res t ing  r e su l t s  have been obtained f r o m  the t e s t s  which 

were  performed.  

the va r ious  measu remen t  techniques which were  applied. 

These  r e su l t s  can perhaps  bes t  be presented  i n  t e r m s  of 

2.3.1 R-f Power 

Magnetized p l a smas  have been generated using power levels  up to 

3. 2 kw. At higher  p l a sma  densit ies,  the ref lect ion coefficient has  been 

observed  to  approach  5070, although this w a s  without benefit of the tuner. 

2. 3. 2 R-f Antenna P robe  

In the p re sence  of p lasma,  the r-f antenna probe sigr,al was observed  

to d e c r e a s e  and to acqui re  a s t rong noise component. 

osci l loscope detection, th i s  noise  has a random cha rac t e r i s t i c ,  although its 

f requency  was observed  to be in the 10-50 k c  range. 

Using fast sweep 

2. 3. 3 E P robe  
Z 

A two-electrode probe was inser ted into the p l a sma  s t r e a m  in the 

exit  region ju s t  beyond the last coil location. 

by one-half cen t imeter  para l le l  t o  the flow direct ion and a r e  d i rec t ly  

connected to a high impedance oscilloscope. 

e l imina tes  s ignals  due to cu r ren t s  flowing f rom the p lasma to  the probe,  and 

the e s sen t i a l  s ignal  therefore  detected by this probe is due to  e l ec t r i c  fields 

The e lec t rodes  a r e  sepa ra t ed  

The high impedance load 
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within the plasma. 

the r - I  p r u k  was presen t ,  the ma jo r  s ignal  observed  was a d - c  voltage,  

typically about 10 volts. 

(e. g. , 20 vo l t s / cm)  can be detected. Of m a j o r  in te res t ,  however,  is the 

total  potential  through which the ions fall,  and therefore  no quantitative 

in te rpre ta t ion  of this single point measu remen t  can be made. 

2. 3.4 Ca lo r ime te r  

While a random component s i m i l a r  to that detected by 

It is significant that  a f ie ld  of this s t rength  

The  sampling pendulum descr ibed  above (Section 2. 2. 3 )  is a l s o  a 

ca lo r ime te r  which m e a s u r e s  the power of the incident plasma. 

second 

sampling ca lor imeter  was successful ly  pe r fo rmed  which gives s o m e  infor -  

mat ion  on the acce lera tor  performance.  During this  s e r i e s ,  the c a l o r i m e t e r  

was successively positioned a t  different  r ad ia l  posit ions,  keeping i t  always in  

a plane 26. 5 c m  beyond the edge of the l a s t  coi l  section, and power densi ty  was 

m e a s u r e d  a t  each point. Simultaneously p r e s s u r e ,  incident and ref lected powers  

and magnet ic  field w e r e  monitored to a s s u r e  constancy of conditions f r o m  one 

shot t o  another. Note 

that the p l a sma  s t r e a m  power quoted in F i g u r e  20 was calculated by integrat ing 

over  the F i g u r e  20 curve,  a s suming  s y m m e t r y  about the axis. 

data,  using many s imultaneous sampling p robes  have indicated that no s imple  

s y m m e t r y  of this s o r t  ex is t s ,  and the t r u e  p l a s m a  s t r e a m  power v e r y  probably 

is significantly different ( g r e a t e r  o r  l e s s )  than  475 watts. 

While the 

B e 0  window was in  good condition, one s e r i e s  of t e s t s  using the 

The  r e su l t s  of this s e r i e s  a r e  presented  in  F igu re  20. 

More  r e c e n t  
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2. 3. 5 Pendulum 

Plasma s t r eam momentum is m e a s u r e d  by a sampling pendulum as 

desc r ibed  in Section 2. 2. 3. The photoelectr ic  detection c i rcu i t  ( F i g u r e  11) 

as used  in  these  ear ly  exper iments  was  not adequately shielded, and its 

output, during plasma operat ion,  was masked  by a s t rong  noise  in t e r f e rence  

signal. The  pendulum swing ampli tude before  and a f t e r  opera t ion  can  be 

observed,  however, as shown by the top t r a c e  in F i g u r e  21, and f r o m  this  

change, a measu re  of the th rus t  on the pendulum by the p l a s m a  can be ob- 

tained. F o r  instance,  in  F igu re  21, each  small ve r t i ca l  division (on  the upper  

t r a c e )  is  equivalent to approximately 0.4 d y n e s / c m  th rus t  density. Before 

the tes t ,  the pendulum was quiet, and a f t e r  the tes t ,  it was swinging - 3 

2 

t 

divis ions about equilibrium. 

on  the pendulum was approximately 1 d y n e / c m  . 
This  sugges ts  that  the p l a sma  th rus t  density 

2 

It is fe l t  that the photoelectr ic  c i r cu i t  could be adequately shielded s o  

that the pendulum deflection could be observed  during a test. 

however,  that, during a t e s t ,  the pendulum will  acqui re  a potential  of 10-40 

We have observed ,  

vol ts  re la t ive to ground, and one the re fo re  wonders  to  what extent the observed  

pendulum deflections a r e  e lec t ros ta t ic  r a t h e r  than  pure ly  kinetic. T o  shed  s o m e  

light on this ,  comparative t e s t s  were  run  with the pendulum floating and grounded. 

No g r o s s  difference in  behavior could be observed ,  suggest ing that the e l ec t ros t a t i c  

effect  i s  not dominant. Simple calculations,  based on  reasonable  e s t ima tes  of 

pendulum capacitance and e l ec t r i c  f ie ld  do, however,  indicate  that  t hese  m e a s u r e d  

potentials could r ep resen t  enough change on the pendulum to c r e a t e  e l ec t ros t a t i c  

f o r c e s  comparable  with the p l a sma  momentum thrust .  
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Figure  21. Cha rac t e r i s t i c s  of 2 "  Accelerator  (Long Version);  Ducted 
Window; 2 . 7  kw,  . 52  mg/ sec ,  Argon. 

Upper t race:  Photocurrent ,  Indicating Pendulum 
Posi t ions,  05v/cm, 5 sec /cm.  

Lower trace: Reflected P o w e r  (Crys t a l  Signal), . O5v/cm, 5 sec /cm.  
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2.4 Resul t s :  Original  (Long) Acce lera tor ;  Ductless (F lange  Gas Injection) 
Window; Exhausting into 18" Tank 

The window fa i lure  problem was al leviated (although not en t i re ly  

solved) by using a sol id  (duc t less )  c e r a m i c  d i s c  with gas  injected radial ly  

through four ,  equally-spaced, . 030 d i ame te r  holes  in  the window flange. 

The acce lera tor  configuration ( F i g u r e  1)  remained  unchanged. 

these  duc t less  windows w e r e  put into use,  additional diagnostics techniques 

had been developed so  that  a n  extensive study of the acce le ra to r  could be 

accomplished. 

By the t ime that  

The resu l t s  repor ted  in  the f i r s t  two sec t ions  below were  taken using 

the total  ca lor imeter  as a t rans ien t  device. 

osci l lograph recording ( such  a s  shown in F i g u r e  6)  of incident and ref lected 

r-f power a s  well a s  other  s ignals  such as r-f probes ,  e l ec t r i c  probes  and 

field coil cur ren ts  w a s  made. 

for  these data ,  w a s  then de termined  f rom the osci l lograph record.  

of conditions and  values  of recorded  p a r a m e t e r s  w e r e  a l s o  r ead  f r o m  the 

osci l lograph record.  

were  m e a s u r e d  with a cal ibrated,  0- 1 0  mV self-balancing poten t iometer /  

r e  cor  der. 

F o r  each  tes t ,  a continuous 

The durat ion of the tes t ,  usually 30-60 seconds 

Constancy 

The ca lo r ime te r  t empera tu res  before and af te r  the t e s t  

L a t e r ,  when the ca lo r ime te r  was converted to a s teady-s ta te  device,  

the s a m e  procedures  and ins t ruments  were  employed, but i t  was not n e c e s s a r y  

to obtain a t ime duration f rom the osci l lograph record.  
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2.4.1 Magnetic F ie ld  Dependence 

The power efficiency of the cyclotron-resonance acce le ra to r  is 

found to  have a r a t h e r  broad maximum as a function of magnet ic  field 

s t rength,  as indicated by the data presented in  F i g u r e  22. 

the optimum field s t rength  is somewhat g r e a t e r  than the resonance  value 

I 3n7n L.7 I gauss) ix~dicates that p lasma  diamagnetism is playing an  impor tan t  

ro le  and  that,  as a resu l t ,  the externally applied field mus t  be g r e a t e r  than 

resonance  to achieve resonance within the plasma. 

out by the r e su l t s  shown in F igures  23 and 24. 

f r o m  a n  attenuating to a propagating p l a sma  as magnet ic  field s t rength  is 

inc reased  through the range approximately 3100 - 3500 gauss. 

typical  of a low-collision-frequency p l a sma  as field s t rength  p a s s e s  through 

cyclotron resonance,  and the high t ransi t ion field s t rength  ( r e l a t ive  to the 

resonance  field) again indicates  significant p l a sma  diamagnetism. 

The fac t  tha t  

This  in te rpre ta t ion  is born  

Here  we s e e  a rap id  t rans i t ion  

This  is 

A fu r the r  in te res t ing  r e su l t  is the relat ion between the wall  power 

Whereas  one might expect loss and  field s t rength,  shown in Figure 22. 

g r e a t e r  insulation of the p lasma from the walls as field s t rength  i n c r e a s e s ,  

i t  i n  fact  appea r s  that  the power loss a c r o s s  the field actually i n c r e a s e s  with 

increas ing  field. 

contribute to this  power loss and that such  turbulence inc reases  with the 

field strength.  

It is possible that p l a sma  instabi l i t ies  and turbulence 

The average  wa l l  power density is seen  f r o m  F igure  22 to 

L be about 2 w a t t s / c m  . Since the acce lera tor  wa l l  a r e a  is approximately 

2 
200 c m  , one can es t imate  that on the o r d e r  of 20% of the absorbed  r-f 
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Figure  22. Effect  of Field on Power  Conversion Efficiency and 
Power Loss; 2"  Acce le ra to r  (Long Vers ion) ;  Duct 
2 k w ,  . 40  m g / s e c ,  Argon. 

-46 - 

W a l l  
e s s  Tn indow ; 



n 

a 
E 
v, a 
J n 
0 
Z 
\ 

I 1 
I n  n - * I J 0 

2; 

J a 
-20- 
0 
I- 
- 
s I O -  

0 

DOWNSTREAM PROBE 

UPSTREAM PROBE 

I n  I 1 

Figure  23. Effect of Field on R-f  P robe  Signals;  2 "  Accelera tor  (Long 
Version);  Ductless Window; 2 kw, .40 m g / s e c ,  Argon. 

30 
\o L + 
Z w 
E 20 

Q l O  I- 

LL 
W 
0 u 
z 

o 
W 
J 
LL 
W 

a .  
2700 2900 31 00 3300 3500 3700 

AVERAGE MAGNETIC FIELD (GAUSS) 
Figure  24. E f fec t  of Field on Reflection coef f ic ien t ;  2" Accelera tor  

{Long Version);  Ductless Window; 1 kw, . 40mg/sec ,  Argon. 
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power is being lo s t  to  the walls. 

P l a s m a  s t r e a m  charac te r i s t ics  should depend not only on average  

magnet ic  field s t rength  but a l so  on the shape of the field and especial ly  

the gradient  in  the r - f / p l a s m a  boundary. T o  study this  hypothesis,  

comparat ive t e s t s  were  made  with r a t io s  of c u r r e n t s  i n  the four  coi ls  such  

that different  magnet ic  field gradients r e su l t ed  ju s t  beyond the window, 

however keeping the ave rage  field value constant. These  r e su l t s  w e r e  

noted: 

1)  F o r  3100 gauss  and 3300 gauss  ( r e f e r e n c e :  F igu re  25), the 

ref lect ion coefficient increased with increas ing  gradient. 

lower  (2950 gauss)  and higher (3450 gauss )  f ields,  the reflection 

coefficient was m e a s u r e d  to d e c r e a s e  as the gradient  was in- 

At 

c reased .  

2) In all cases ,  the propagation of the r-f wave into the p l a sma  

was enhanced by increas ing  the gradient. 

3) At 3100 and 3300 gauss ,  the power conversion efficiency ( p l a s m a  

s t r e a m  power/ incident  r-f power) remained  constant a s  the gradient  

was changed. At 3450 gauss, the efficiency inc reased  with i n c r e a s -  

ing gradient,  and a t  2950, an inve r se  relat ionship was measured .  

2.4. 2 Relationship of P l a s m a  Charac te r i s t i c s  to o ther  Controllable 
P a r a m e t e r s  (Including t ransient  ca lo r ime te r  and wal l - loss  
Ca lo r ime te r  Resul t s )  . 
In addition to the magnetic field dependencies repor ted  above, i t  is 

n e c e s s a r y  to study the var ia t ions of p l a sma  cha rac t e r i s t i c s  on o ther  

-49 - 



control lable  pa rame te r s ,  specifically,  the p o l a r i z e r  angle,  the r-f power 

l eve l  and the argon 

a r e  shown in  F igures  26-29. 

.I, -a* 

f low rate. The  r e s u l t s  uf these p a r a m e t r i c  var ia t ions  

Consider first the po la r i ze r  effect. The  right-hand c i rcu lar ly-  

po lar ized  wave component f r o m  which the power is coupled to  the cyclotron- 

orbi t ing electrons , is maximized  for  a 45 po la r i ze r  orientation, and it 

is s e e n  f r o m  Figure  26 that  th i s  or ientat ion does indeed yield bes t  resu l t s .  

The  fact the opposite (1  35 ) orientat ion a l s o  r e su l t ed  i n  v e r y  favorable  

cha rac t e r i s t i c s  indicates ,  however ,  e i ther  tha t  coll ision/diffusion effects  

a r e  important  or  that  the po la r i ze r  is not doing as good a job as desired.  

Since magnetic field effects ( F i g u r e s  23 and  24) show that  the p l a sma  is 

not collision-dominated, we m u s t  conclude that the po la r i ze r  needs 

improvement .  

and fo r  all tes t s  r epor t ed  i n  the  following pa rag raphs ,  the 45 

was used. 

0 .b .*. ,,. ',. 

0 

F o r  the magne t i c  field var ia t ion t e s t s  of sect ion 2.4. 1 

0 orientat ion 

The  effect of r-f power leve l  is shown in  F i g u r e  27. F o r  these  t e s t s  

the tuner  was  left in a fixed set t ing r a t h e r  than minimizing ref lect ion f o r  

each  p l a sma  condition. As a r e su l t ,  it is s e e n  that  the percentage  of re -  

f lected power increased  with inc reas ing  power,  indicating that the e l ec t ron  

density i n  the r - f  / p l a sma  boundary probably continued to  increase .  

~h_a_t_t_h_e_-r_a_t~~_o_fg-ll_a-sma-s_t_r_eam power to  to ta l  power continues to i n c r e a s e  

:::-h'elium resul ts  will  be r epor t ed  in a l a t e r  section. 

::::::-Reference: NAS5- 1046, Annual Report  No. 1, F e b r u a r y  1962. 

Note 
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2"  Acce lera tor  (Long Version);  Duct less  Window; 3300 gauss.  
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F i g u r e  28. Effect of Flow Rate on Operat ing Charac t e r i s t i c s ;  
2 "  Accelera tor  (Long Version);  Duct less  Window; 
1 kw, 3300 gauss. 
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2 kw, 3300 gauss.  
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with increas ing  power. Some la te r  r e s u l t s  tend to indicate that, fo r  th i s  

pa r t i cu la r  geometry,  this  ra t io  levels out above about 3200 watts. The  

wal l  power l o s s  is again s e e n  to account f o r  about 20% of the input r-f 

power. 

F i g u r e s  28 and 29 show that the power convers ion  efficiency max imizes  

for  a n  a rgon  flow rate of about .40 mg/sec .  

moving at 300 m e t e r s / s e c o n d  (approximate son ic  velocity f o r  a rgon)  and 

s ince  the c ross -sec t iona l  a r e a  of the a c c e l e r a t o r  is 2 x 10 m , th i s  flow 

r a t e  r e su l t s  in a neu t r a l  gas  molecular density of about p a r t i c l e s /  

c m  . Since th i s  is approximately ten t i m e s  the cutoff densi ty  for  this  

f requency (8350 m c ) ,  and s ince one would expect  the  p l a sma  e l ec t ron  

densi ty  to  be at, but not much above, cutoff, th i s  r e s u l t  sugges ts  that  

conditions fo r  bes t  power efficiency do not r e s u l t  i n  bes t  mass utilization. 

T h i s  conjective should be confirmed o r  denied by fu r the r  study, in  which 

ideal ly  the ac tua l  e lec t ron  and neut ra l  dens i t ies  in the r-f /p l a sma  in te rac t ion  

region would be measured .  

If we a s s u m e  that the gas  is 

- 3  2 

13 
1 x 10 

3 
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2.4. 3 Steady-state Calor imeter  Resul ts  

The ddtd taken for  the long ve r s ion  of the longitudinal acce le ra to r  

This  table is with the s teady-state  ca lo r ime te r  a r e  presented  in  Table  I. 

a r r a n g e d  with increasing flow ra t e ,  increas ing  field and increas ing  power, 

in that  o rder .  

Although the t e s t  durat ion i s  given for  each s e t  of conditions, in 

genera l ,  data for m o r e  than one s e t  were  taken during a s ingle  acce le ra to r  

test .  

considerably when the s teady-s ta te  ca lo r ime te r  w a s  brought into operation. 

In this  r ega rd ,  it might be noted that the acce le ra to r  was operated continuously 

for  four minutes and twenty-eight seconds a t  2700 watts and for  th ree  minutes -  

eight seconds a t  3300 watts. 

Thus,  it is  s een  that acce le ra to r  tes t ing durat ions were  inc reased  

The severe  data s c a t t e r  which is obvious in  Table  I i s  fe l t  to be a 

problem in  inadequate control of acce le ra to r  p a r a m e t e r s ,  par t icu lar ly  field 

strength.  

ope ra t e s  in  a variety of modes for any given s e t  of  controllable p a r a m e t e r s ,  

and that different modes a r e  generated f rom one t e s t  to another.  

high background p r e s s u r e  for  these t e s t s ,  approximately 1 - 3 x 1 0  m m  Hg,  

could contribute to these  instabil i t ies.  

Another possible source  of s ca t t c r  is that the acce le ra to r  possibly 

The relat ively 

-4 

On s e v e r a l  t e s t s  i t  is noted that the best  efficiency recorded  with the 

t r ans i en t  ca lor imeter  ( 1- 25%; F igure  22)  was approximately repeated. 

a l s o  appea r s  that helium tends to yield low efficiency. 

It 
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TABLE I 

OPERATING CHARACTERISTICS, ORIGINAL (LONG) 
LONGITUDINAL- INTERACTION ACCELERATOR, 
DUCTLESS WINDOW, STEADY-STATE CALORIMETER, 
EXHAUSTING INTO 18" TANK 

Gas Average Incident P o w e r  P l a s m a  
Gas  Flow F ie ld  
Species  ( m g / s e c )  (gauss)  

1 1  

I I  

. 30 . 30 . 32 . 40 . 40 . 40 . 40 
.40  
.40  . 40 

40  . 52 . 52 
0 52 
. 5 2  
0 52 . 52 
0 52 . 52 
.52  . 52 
0 52 
.52  
.52  
.52  
. 5 2  
. 5 2  
.52  
.52  
0 52 
. 5 2  . 52 

3350 
3450 
3200 
3350 
3350 
3350 
3350 
3350 
3350 
3350 
3450 

3050 
31 00 
3200 
3200 
3200 
3200 
3300 
3300 
3300 
3300 
3300 
3350 
3350 
3350 
3350 
3350 
3350 
3350 
3350 
3350 

2900 

R. F. Power Reflection Power  
(wat ts)  Coefficient ( W a t t s  ) 

3200 
2200 
3400 
2000 
2620 
3120 
3200 
3290 
3300 
3620 
2200 
3400 
2800 
3200 
2700 
2800 
3300 
3350 
1500 
2200 
2850 
3150 
3600 
1100 
2000 
2650 
2700 
3200 
3300 
3400 
3550 
3730 

770 
370 
5 25 
278 
433 
5 27 
800 
600 
350 
554 
41 0 
266 
175 
280 
490 
49 0 
455 
560 
132 
240 
405 
31 5 
5 07 
119 
350 
595 
4 05 
7 30 
650 
552 
665 
6 20 

.II IF 

'IP 

. 24 . 17 . 15 . 14 . 16 . 17 
25 

- 1 8  . 11 . 15  
19 . 08 
06 

.09  

.18 . 18 . 14 
0 17 . 09 
. l l  . 14 . 10 
0 14 . 11 

18  
. 2 3  

15 
0 23 
0 20 
.16 . 19 
0 17 

T e s t  
Duration 

(Seconds) 

97 
6 5  
4 2  
6 5  
5 8  
50  
4 8  

139 
52  
44 
6 2  
57 
9 0  
49 
66 
29 
80  
89 
8 0  
54 
60  
24 
56 

105 
89 
8 4  
84  
32 
49 
8 5  
55 
65 

:; - I , ,  - p lasma  power 
'P - Inc. r-f power 
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TABLE I (cont. ) 

Gas  Average Incident Power  Plasma 
G a s  Flow Fie ld  
Spec ies  m g / s e c  (gauss)  

Argon .52  
. 5 2  
. 5 2  
. 5 2  
0 52 
. 6 5  
.67  
0 70 

78  
78  

I 1  

I 1  

I 1  

I I  

I 1  

I t  

I 1  

I 1  

I 1  

3400 
3450 
3450 
3450 
3450 
3350 
3200 
3350 
3350 
3350 

He l ium . 05 3350 
1 1  . 07  3350 
I 1  . 10  3350 
I t  . l o  3350 
1 1  . 1 2  3350 
I 1  3350 
I 1  . 15  3350 

.15  

R-f Power  Reflection Power  * 
(wat t s )  Coefficient (wat t s )  7rp 

3300 
1100 
2040 
2200 
3100 
3200 
3300 
3100 
3100 
3200 

4 24 
116 
3 34 
330 
490 
550 
5 25 
280 
230 
5 25 

0 1 3  
; 1 0  . 16 
. 1 5  

16 
0 17 

16 
. 0 9  

07 
16 

2800 07 26 5 0 10 
2600 0 14 220 .09  
1050 08 97 09 
2900 . 24 265 09 
2700 . 28 168 06 
1100 .21  72 .06  
2600 > 37 84 . 0 3  

p l a sma  power 
::: - Ti = P Inc. r - f  power 
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T e s t  
Duration 
( seconds)  

72  
91  
77 
8 2  
60  
5 3  
81 
65 
46 
96  

71 
80  
68  
76 

141 
85 
36 



The F igure  22  va r i a t ion  of efficiency with field s t r eng th  is difficult 

t o  i n t e r p r e t  f r o m  the s c a t t e r e d  data of Table  I. 

a t  about 3200 gauss  was  observed ,  however,  when the field was  changed 

dur ing  a single continuous run. 

Th i s  type of broad maximum 
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2.4.4 Power Density Measurements ,  Using the Three-Channel  
Sampling - P r o  be A r r a y  

The three-channel  sampling probe ( F i g u r e s  12 and 13) was used 

to obtain power density and ion flux density measu remen t s  with the or ig ina l  

ve r s ion  of the longitudinal-interaction acce le ra to r  ( F i g u r e  1). 

density measurements  will  be repor ted  in  this  sect ion,  ion flux data  in  the 

Power  

next. 

The  f i r s t  power density data obtained with this  probe resu l ted  in  
Ci \*-Ll ,\' i \ 

the  cu rves  shown in F igu res  30 and 31. A reasonable  curve  can behhrough 

the points for a given acce le ra to r  operat ing point, even though the acce le ra to r  

had to be shut down s e v e r a l  t imes  to allow the probe to  be moved to  a new 

location in  order  to accumulate  all the points for  a s ingle  curve. Many m o r e  

t e s t s  (beyond the F i g u r e s  30 and 31 data)  w e r e  per formed using this  probe,  

and in  general  the resul t ing data points a r e  much m o r e  sca t t e red  than in  the 

c a s e s  of F igures  30 and 31. 

Section 2.4. 3 above that the acce le ra to r  opera tes  in  s e v e r a l  "modes" and 

The suggestion h a s  a l r eady  been made  in 

this  s c a t t e r  in  sampling probe data co r robora t e s  th i s  hypothesis. A fu r the r  

indicator of this i s  v i sua l  observat ion of the p l a sma  s t r e a m  emerging  f r o m  the 

acce lera tor .  Rather  than being a uniform s t r e a m ,  high-intensity "beams" 

can  be observed, these  have been seen  to move around during a given t e s t ,  

and, in addition, they do not necessa r i ly  r eappea r  at the s a m e  location f r o m  

one t e s t  to another. 

- 6 0 -  



r 
----'f ---- 

air 
N O  *- 0 

c 

M 
E s 
Y 

. 
0 
m 

-61 - 



c 

0 c 

/- 

1 I 
I 

I 
I 

I 
I 

CD Tf cu cv . ? \ a !  
CI 

z 
0 
(3 e a 
v 
U 

W 
v, 
\ 

(3 s 
0 e 
W 

LT 
ki 

9 
a 

3 
L L  
v, 

(3 

men m 
I-I- I- 
i-I-I-  a a a  
3 3  3 
00 a m 

\ 
\ 

-62 - 

\ 
\ 

+ v ,  
Q: 
W c w 

2 
W 
0 

M 
c 
2 

n ;  

t 



Identification of this  "beam" type of s t r u c t u r e  resu l ted  in significant 

p r o g r a m  changes. 

2.4. 3 above, which should not be sensi t ive to  the fac t  tha t  a high-intensity 

beam is moving". 

a r r a y ,  so that ,  i f  such f ine s t ruc ture  did indeed exis t ,  i t  could be reso lved  

by the  U E ~  cf rnany prnhes  sim-ultanoously. Finally,  i t  gave impetus  to  the 

d e s i r e  to  opera te  in  a lower background p r e s s u r e  environment ,  s ince  i t  was 

fe l t  tha t  the 10 rnm Hg environment i n  which these  measu remen t s  w e r e  

taken could be a significant fac tor  in causing the observed  unsteadiness .  

It led f irst  t o  the to ta l  c a l o r i m e t e r ,  d i scussed  i n  sec t ion  

.L 

It led  in  addition t o  the development of a many-probe 

-4 

It should be noted that the total  p l a s m a  s t r e a m  powers  quoted in 

F i g u r e s  30 and 31 were  obtained by a s suming  s y m m e t r y  about the ax i s  and 

integrat ing ove r  the curves.  This  s y m m e t r y  assumption,  as has  a l r eady  

been d iscussed ,  is open to  question. 

- - - - - - - - _ _ _ - - _ _ _  
+-The s c a t t e r  i n  to ta l  ca lor imeter  data ,  Table  I, indicates ,  however,  that  

m o r e  than m e r e  spac ia l  changes in  the p l a sma  s t r e a m  a r e  involved. 

- 6 3 -  



2.4. 5 Ion Flux Density and Ion Energy  Measuremen t s ,  Using the 
Three  -Channel Sampl ing-Probe  A r r a y  

Consider a probe  of the type shown i n  F igu re  1 2  used  as a r e t a rd ing  

potent ia l  analyzer.  F o r  this  use,  the col lector  cup is biased with r e s p e c t  

to  the housing, and the col lector  c u r r e n t  is m e a s u r e d  as a function of bias  

voltage. 

d i a m e t e r  orifice in the housing and then to be collected by the co l lec tor  cup. 

As the  co l lec tor  is biased with g r e a t e r  negative vol tages ,  fewer  and fewer  

e l ec t rons  will  r each  the cup, unti l  a sa tura t ion  leve l  is reached  beyond which 

no e l ec t rons  reach the cup, and the ion flux densi ty  can be calculated f r o m  the 

m e a s u r e d  saturat ion cur ren t .  S imi l a r ly  fo r  posit ive b iases ,  the ions a r e  

repe l led  and one should, f rom the posit ive bias  port ion of the curve ,  get  a 

m e a s u r e  of the ion velocity dis t r ibut ion function and e lec t ron  flux density. 

The p lasma s t r e a m  is conceived to  en te r  through the 1 / 2  inch 

Curve  ( l ) ,  F igu re  32 is typical  of the or ig ina l  data  taken with the 

probe  a s  i t  is shown in  F igu re  13. 

a r e  r eached  at  both ends of the curve ,  but note a l s o  the compara t ive  magnitudes 

of the saturat ion ion and e lec t ron  cu r ren t s .  F o r  a neu t r a l  p l a sma  under  s teady-  

s t a t e  (ambipolar  diffusion) conditions, one would expect  these  c u r r e n t s  t o  be 

equal,  and i t  w a s  t he re fo re  hypothesized that  the posi t ive co l lec tor  bias  

potential  was "reaching" out through the or i f ice  and collecting e l ec t rons  over  a n  

effective c ross -sec t iona l  a r e a  that was l a r g e r  than the  or i f ice  i tself .  

th i s ,  g r id  wires  were  placed over  the o r i f i ce ,  and the curve  ( 2 )  resulted.  Note 

that  thi  s significantly reduced the e l ec t ron  c u r r e n t  while not ma te r i a l ly  

affecting the less mobile 

Note that, indeed, sa tura t ion  c u r r e n t s  

To t e s t  
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F i g u r e  32.  Retarding-Potential ,  P a r t i c l e  - Analyzer  P r o b e  Charac t e r i s t i c  
C ur  ve s ; Without Electron Pr e - r e ta r  dati on 
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ion flux. 

gr id  was not completely success fu l  in  sc reening  the col lector  potential. 

P a r t i c l e  analyser  probe designs ( s e e  sect ions 2. 2.4 and 2. 2. 5) mus t  

provide m o r e  adequate isolat ion of the col lector  before meaningful m e a s u r e  - 

ment of ion velocity dis t r ibut ion can  be made. 

Thus it would s e e m  that the hypothesis was c o r r e c t  but that  the 

Comparison of sa tura t ion  ion c u r r e n t s  fo r  curves  (1)  and ( 2 ) ,  

F igu re  32, indicates that  a t r u e  m e a s u r e  of ion flux densi ty  can  be made  

with this  instrument.  Measurements  of sa tura t ion  ion c u r r e n t  were  the re -  

f o r e  taken changing argon flow r a t e  and r-f power level ,  and the r e su l t s  

a r e  presented  in Table 11. 

based on cur ren t  measu remen t s  at only two points in  the p lasma s t r e a m  and 

the effect ive plasma a r e a  mus t  therefore  be considered highly approximate.  

They should be good a t  l e a s t  to o r d e r  of magnitude accuracy ,  and i t  is highly 

encouraging that the m a s s  efficiency i s  on the o r d e r  of 10  to  400/0. 

It m u s t  be noted that these  calculations a r e  

The par t ic le  ana lyse r ,  F igu re  14, was built in an  at tempt  to  

As achieve the isolation needed to m e a s u r e  ion velocity distribution. 

mentioned in  section 2. 2.4, insufficient t ime  was available for  p rope r  tes t ing 

of this  unit, but pre l iminary  r e s u l t s  do indicate s u c c e s s  in achieving the 

intended goals,  F o r  instance,  it was observed  that,  when the e lec t rons  w e r e  

removed by the gridded s t ruc tu re ,  so  that ion sa tura t ion  c u r r e n t  was rece ived  

by the col lector ,  this collector ion cu r ren t  was brought exact ly  to  z e r o  by 

sufficient positive biasing of the collector.  

was adequately shielded f r o m  the ex te rna l  environment.  

Thus,  it appea r s  that  the col lector  

The ion dis t r ibut ion 

- 6 6 -  
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curve  obtained by  this  procedure  showed a continuous dis t r ibut ion of ion 

ene rg ie s  in  the range 40 to  160 ev. It was n e c e s s a r y  to place l a r g e  posi t ive 

vol tages  on the in te rmedia te  gr id  ( O 2  F i g u r e  14) to prevent  e l ec t rons  f r o m  

reaching the collector.  This  can be explained i f  one a s s u m e s  that  the 

gr id  potential actually appea r s  a c r o s s  shea ths  around each  gr id  wire ,  with 

e lec t rons  actually being collected by the O 2  gr id  through these  sheaths.  A 

lower  background p r e s s u r e  environment  would reduce the influence which such 

sheaths  play in the operat ion of this  type of probe. 

- 6 8 -  



2.4.6 P l a s m a  Potent ia l  

The p l a sma  potential  profile shown in  F igu re  3 3  was obtained with 

the movable potential  probe descr ibed in  Section 2. 2.7. 

change is no where  nea r  the expected ion energy  nor is i t  l a r g e  enough to  

account for  the ion energ ies  measured  by the ana lyse r  (Section 2.4. 5),  but 

t hese  f a c t s  can  be explained on the bas i s  of the potent ia l  a c r o s s  the probe 

sheath. The observed  potential  minimum, which is approximately a t  the 

exit  o r i f ice  of the acce le ra to r ,  i s  m o r e  difficult to explain. 

cer ta in ly  lead to par t ic le  oscil lation within this  potent ia l  "well" and i n  

g e n e r a l  would have a deleter ious effect on a c c e l e r a t o r  performance.  

The to ta l  potential  

It would 
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R-F INC. PWR, 750 WTTS 
ARGON FLOW, .40 MGISEC 
AVERAGE B, 3300 GAUSS 

2 4 6 8 IO 12 

POSITION BEYOND DOWNSTREAM EDGE OF WINDOW 
(INCHES) 

Figure  33 .  Plasma Potent ia l  Prof i le  - On Axis  
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2. 5 Resul t s :  Short  Acce lera tor ;  Ductless (F lange  Gas Injection) 
Window; Exhausting into 18" Tank 

It has  been shown that, for  the or ig ina l  ( long) acce le ra to r  ( sec t ion  2.4), 

the r-f power is absorbed  within one o r  two cen t ime te r s  beyond the c e r a m i c  

window. 

( -  200J0) is being lo s t  f r o m  the plasma to the s ide  wal ls  of the acce lera tor .  

It has  fu r the r  been shown that a significant amount of power 

Thus,  i t  s eemed  that a l a rge  improvement  in  a c c e l e r a t o r  per formance  

could be achieved by shortening the design. 

tudinal interact ion acce le ra to r  (F igure  4) was accordingly constructed.  

Resul t s  obtained with the sho r t  acce le ra to r  a r e  descr ibed  in  this  section. 

The s h o r t  v e r s i o n  of the longi- 

Table  I11 p resen t s  c h a r a c t e r i s t i c s  of the s h o r t  acce le ra to r  ( F i g u r e  4), 

f i r ing  into the 18" diagnostics tank using the steady-state,  total  ca lo r ime te r  

i o r  measu remen t  of p l a sma  s t r e a m  power. 

with those for  the long acce lera tor  when the Table  I data  were  obtained, 

so  these  two Tables  ( I  and 111) provide a good m e a s u r e  of the effect of 

These  a r e  conditions identical  

shortening the acce lera tor .  The important resu l t ,  of course ,  is the 

significant i n c r e a s e  in  power efficiency. 

The m o s t  obvious r eason  for attaining these  favorable r e su l t s  is the 

shortening of the p l a sma  chamber,  thereby  presumably  recovering a good 

port ion of the power which, in  the longer  acce le ra to r ,  had been measu red  

to be going into the p lasma chamber walls. It is probable  that the i n c r e a s e  

ii i  til<. field gradient  adjacent to the window was a l s o  beneficial. A third,  

possibly influential  change f rom the e a r l i e r  design is the contouring of the 

exit  o r i f ice  ( compare  F igu res  1 and 4). 

-71 - 



~ TABLE 111 

OPERATING CHARACTERISTICS, SHORT 
LONCIT UDINAL-INTERACTION ACCELERATOR, 
DUCTLESS WINDOW, STEADY -STATE CALORIMETER 
EXHAUSTING INTO 18” TANK, ARGON 

Argon Window 4. Incident P o w e r  Plasma T e s t  
Gas  F low Fie ld  R-f Power  Reflect ion .,_.,, P o w e r  Plasma Power  Durat ion 

Test  ( m g / s e c )  (gauss )  (wat t s )  Coefficient (wat t s )  Inc. R-fPower ( seconds )  

-8- 

-,. .&. 

1 .52  
2 1.8 
3 1.8 
4 14 
5 1 .0  
6 1.0 
7 1.0 
8 1.0 
9 1 .0  

1 0  1.0 
11 1.0 
1 2  1.0 
1 3  1 .0  
1 4  1.0 

2980 
2980 
3220 
2980 
2980 
2980 
29 80 
29 80 
29 80 
31 00 
29 80 
2980 
2980 
29 8 0  

1600 
1600 
1600 
2500 
1520 
3 200 
3450 
31 50 
31 00 
3 200 
2600 
1250 
2800 
2250 

. 24 

.24 

.21 
.19-. 22 

. 2 3  . 21 -. 23 . 20-. 23 
.01- .  02 

. 0 1  

. 01  

. 0 2  
0 04 
.01  
. 0 2  

640 
640 
640 
990 
630 

1610 
161 0 
1650 
1540 
1370 

1400f70 
560 

1150 
1 0 5 0  

:::-See Magnetic Field Curve ,  F i g u r e  4. 

Note that tuning was  p e r f o r m e d  between T e s t s  7 and 8. .!. .L IC  ,,. - 
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.40 

. 40  

. 40  

. 4 0  

.40  

. 5 0  

. 4 6  

. 52  

. 50  . 43 

0 45 
.41  
.47  

t . 54-. 03 

105  
76  
50 
64 
66  
62  

100 
94  

150 
100 
203 

8 6  
88 
99 



2.6 Resul t s :  Short  Acce lera tor ;  Ductless (F lange  Gas  Injection) 
Window; Exhausting into 36" Tank 

During the last month of this cont rac t  period, the s h o r t  a c c e l e r a t o r  

was  opera ted  direct ly  into the 36" tank, as shown in F igu res  15 and 16. 

Th i s  change achieved a ten-fold improvement  in  background p r e s s u r e ,  and 

i t  is impor tan t  that the acce le ra to r  opera ted  successful ly  in  this  lower  

densi ty  regime. 

Since any probe which was to be used  for  p l a sma  diagnost ics  in  th i s  

a r r a n g e m e n t  had to be l imited to  a width of l e s s  than 10" (as  d iscussed  

i n  Sect ion 2. 2. 5) ,  a total  ca lor imeter  was  out of the question. It was 

decided, therefore  to take this opportunity to obtain exper ience  with a 

sampl ing  probe a r r a y  having many probes. 

i s  shown in F igu res  15 and 17 and i s  d i scussed  in  detai l  i n  Section 2. 2. 5. 

The  resul t ing 16-channel probe 

Power  densi ty  and ion flux density contour plots taken for  the s h o r t  

a c c e l e r a t o r  using the 16-channel a r r a y  a r e  shown in F igu res  34 - 45. 

can  be  s e e n  f r o m  these contours  that the probes  a r e  nea r  enough together  

It 

to  reso lve  the important  var ia t ions in  the pat terns .  It can a l so  be s e e n  that 

no well-defined s y m m e t r i e s  ex is t  and the pa t te rns  a r e  in  fact  somewhat  

complex. A s  a resu l t ,  s ince the a r r a y  was not l a rge  enough to cover  the 

e n t i r e  s t r e a m  c r o s s  section, integration over  these pa t te rns  cannot be p e r -  

fo rmed  to  yield total  power and flux values.  

Sufficient coverage and symmet ry  do ex is t  i n  m o s t  of the pa t te rns ,  

however ,  to s e e  that the s t r e a m  is m o r e  confined that would r e su l t  if 

particles did follow field lines. Fo r  example,  the f lux and power dens i t ies  

- 7 3 -  
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a r e  typically down to  one-half the peak va lues  i n  a t r a n s v e r s e  d is tance  f r o m  

the peak position of about 15 cent imeters .  

72 cent imeters  beyond the a c c e l e r a t o r  window, this  yields a half-power ha l f -  

angle of about 1 2  . 

Since the probe a r r a y  is located 

0 

Both power density and flux densi ty  i n c r e a s e  as the gas  flow r a t e  and 

It i s  in te res t ing  to  note that  the power and flux pa t t e rns  r-f power increase.  

a r e  not s imi l a r  fo r  a given flow and r-f power. This  indicates  a s p r e a d  in  

ion veloci t ies  which has  the e f fec t  of diminishing the total  efficiency of the 

th rus  tor.  

The severi ty  of data  s c a t t e r  was inves t iga ted  under  these  lower 

background density conditions. 

r epea t  f r o m  one t e s t  to  another ,  for  ident ical  values  of the controllable 

var iab les ,  with randomness  being perhaps  - 2070 of the average.  

definite improvement  ove r  the conditions found with the three-channel  probe 

fo r  the poorer  p r e s s u r e  environment.  

can  be substantially improved  by be t te r  cont ro l  of the magnet ic  field. 

It was found that  the bas ic  pa t te rns  would 

t This  is a 

It  is ou r  feel ing that  even th i s  s c a t t e r  

A photographic view looking into the a c c e l e r a t o r  during opera t ion  

is  shown as Figure 46. 

p a r t i a l l y  blocked by the probe a r r a y ,  i t  can be s e e n  tha t  the p l a sma  is 

divided into four a r e a s ,  each  adjacent  to  one of the g a s  injection holes.  

Thus,  only a portion of the a c c e l e r a t o r  c r o s s  sec t ion  is occupied by the m o r e  

dense  p lasma,  suggesting that, in future  des igns ,  the d i ame te r  of the 

a c c e l e r a t o r  should be dec reased  o r  the number  of gas  inject ion po r t s  increased.  

Although the p l a sma  outline is indistinct and is  
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3 .  Experimental  P r o g r a m  
T ransver  s e -1nt e rac t ion  Acce le ra to r  

During the ini t ia l  planning of th i s  p r o g r a m ,  it was f e l t  des i r ab le  

to  invest igate  a va r i e ty  of bas ic  geomet r i e s ,  and, as a resu l t ,  a design 

bas ica l ly  di  f f  e rent  f rom the longitudinal - i n t e r  act ion a c c e l e r a t o r  was built  

and t e s t ed  during th i s  contract  period. 

verse- in te rac t ion  design, i s  shown i n  F i g u r e s  47 and 48. 

Th i s  a c c e l e r a t o r ,  cal led the t r a n s -  

In th i s  acce le ra to r ,  a continuous flow of un-ionized gas  is introduced 

into one end of the pre ionizer  sect ion,  shown at the left  end of the a s s e m b l y  

view in F igu re  48. D-c f ie ld  coi ls  a r e  mounted coaxial  with p a r t s  6 and 3 

( a s s e m b l y  view, F i g u r e  48),  generat ing a solenoidal  magnet ic  field coaxial  

with the assembly. 

The gas  s t r e a m ,  par t ia l ly  ionized as i t  p a s s e s  through the p re ion ize r ,  

flows through the o r i f i ce  in  p a r t  11 and eventually out the exi t  end of the 

acce le ra to r .  As the  gas  p a s s e s  through the cyl indrical  cavity, however,  

i t  is fu r the r  ionized and i t s  e l ec t rons  a r e  acce le ra t ed  i n  cyclotron o rb i t s  

by the cavity r-f  field,  which i n  t u r n  is sus ta ined  by r-f power en ter ing  

through the waveguide flange (21).  

In  a manner  exactly analogous to the longi tudinal- interact ion device,  

the p l a s m a  is acce lera ted  by the f ie ld-gradien t /charge  sepa ra t ion  p r o c e s s  

as the energized p l a sma  flows out through the diverging port ion of the magnet ic  

field. 

As implied by i t s  name,  it is s e e n  tha t  i n  th i s  a c c e l e r a t o r ,  the power 

flow d i rec t ion  which is radial ly  through the c e r a m i c  tube ( 1 6 ) ,  is t r a n s v e r s e  
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to  the f ie ld  direction. This  has  at  least two possible  advantages:  

1). 

is  not l imited by waveguide dimensions and the re fo re  can be 

made  quite l a rge ,  thereby reducing power density. 

2). 

encurxberec! by the r - f  input, lea-ving much m o r e  f reedom in 

design of the gas  injector ,  a s  exemplified by the p l a sma  source  

u s  e d he re. 

Before  significant tests could be made,  the design had to  be a l t e r e d  

The  a r e a  through which the power p a s s e s  into the p l a sma  

The  end of the device opposite to  the ex i t  o r i f ice  is not 

somewhat  f r o m  the F igu re  48 design i n  o r d e r  to achieve a n  adequate  s e a l  

a round the ends of the c e r a m i c  tube (16).  

used  i n  place of the m e t a l  O-ring (14 )  at the sou rce  end of the tube. 

copper  flange was  b razed  onto the c e r a m i c  tube a t  the o the r  end and a s e a l  

was  obtained by compress ing  another rubber  O-ring between this  new 

f lange and the face of p a r t  3. 

A si l icone rubber  O-ring was  

A 

During operat ion,  the preionizer  was run  a t  30 wat ts  (150 vol ts ,  

2OOma) with a n  additional few watts going to heating the thermionic  

tungsten filament. 

behavior  for  var ious  a rgon  flows and field configurations were  studied. 

f ie ld  shape for this device,  by the way, general ly  h a s  a minimum in the 

cavity region because of the wide spacing between coils. 

c a l o r i m e t e r  (Section 2. 2.6) w a s  used to m e a s u r e  p l a sma  s t r e a m  power 

dur ing  these  tests.  

R - f  power levels up  to  2100 wat ts  were  employed, and 

The 

The  s teady-s ta te  
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A conical, pale-blue p lasma s t r e a m  could be observed  to be emerging  

f rom the acce lera tor .  In no case ,  however,  did the ca lo r ime te r  r ecove r  m o r e  

than a percent  o r  so  of the r-f input power. 

general ly  below 0. 10. 

R-f ref lect ion coefficient was 

The poor efficiency of this model,  coupled with the s u c c e s s  achieved 

with the longitudinal-interaction a c c e l e r a t o r  and with the fact  tha t  the c e r a m i c  

tube ( p a r t  16, Figure 48) c racked  a f t e r  a s h o r t  t es t ing  per iod,  caused these  

t e s t s  to be terminated .before any thorough p a r a m e t r i c  survey  of this  

a c  cele rat0 r ' s charac te r i s t ics  were  obtained. 
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4. SUMMARY AND CONCLUSIONS 

4.1 Review 

A review of this  y e a r ' s  accomplishments  indicates  significant advances 

i n  both engine per formance  and testing techniques.  

per formance ,  note the following i tems; 

With r e g a r d  to th rus to r  

1). 

the p lasma has  been shown to be v e r y  good, that  is, typically ove r  

E f f i c i e ~ c y  with which p o w e r  is coupled f r o m  the r-f field into 

9 5%. 

2). 

motion of the acce le ra t ed  plasma s t r e a m  has  a l s o  been found to  be 

quite good, as high as 5470 under p rope r  conditions. 

3 ) .  

during th i s  year .  

of this  per iod (developed during the l a s t  few months of Contract  

NAS5-1046) would not last for m o r e  than a few seconds a t  a kilo- 

watt  r-f power. During this  y e a r ,  des igns  have been achieved 

which have run  without damage f o r  minutes  a t  a t i m e  at s e v e r a l  

kilowatts r-f power. 

t empera tu re  had s tabi l ized by the end of these runs.  

The efficiency with which the r-f power is  converted to d i rec ted  

Power  leve ls  and t e s t  durations have been marked ly  improved 

X-band acce le ra to r  des igns  o n  hand a t  the beginning 

In addition i t  was found that  the th rus to r  wal l  

Seve ra l  tes t ing techniques were developed and applied during this  

Sampling and total  ca lor imet ry  were  used to good advantage both year .  

in  the th rus to r  i t se l f  and in the acce lera ted  p l a sma  s t r e a m .  

of sampl ing  the p lasma s t r e a m  power density and ion flux density a t  many 

The concept 
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points in a s t r e a m  c r o s s  sec t ion  was tes ted  and resu l ted  in  a val id  technique 

fo r  exploring the s t r e a m  profile.  By cont ras t ,  a re lat ively “old” technique, 

the sampling pendulum, was re jec ted  because of possible  e l ec t ros t a t i c  

force  interference.  

4. 2 Potent ia l  

Although a g r e a t  deal  of effor t  mus t  s t i l l  be expended to develop 

th i s  acce le ra to r  as a space  propuls ion engine, this  y e a r ’ s  r e s u l t s  do 

indicate  potentially favorable  c h a r a c t e r i s t i c s  as a thrus tor .  

favorable  per formance  having been demonst ra ted ,  i t  is p rope r  to  inquire  

in  mor e detai l  into possible  th rus to r  applications.  With the real izat ion 

of good coupling and conversion eff ic iencies ,  and the appearance  on the 

microwave tube m a r k e t  of high-power,  high-efficiency, r-f sou rces ,  i t  is 

probable  that the cyc lo t ron- resonance  p l a sma  th rus to r  c a n  be competit ive 

with o ther  plasma engines now under  development. 

cha rac t e r  of this engine makes  i t  uniquely sui ted to vehic les  which a l r eady  

have r-f on board for  communicat ions and r a d a r  purposes .  

cyclotron-resonance engine could readi ly  be used  fo r  s ta t ion  keeping on a 

24 hour  communications satel l i te .  A similar t h r u s t o r  could be used  fo r  

t r a j e c t o r y  cor rec t ion  and even p r i m e  propuls ion on a deep  space  probe,  

which would of necess i ty  c a r r y  l a r g e  amounts  of rad io  frequency power 

for  communications. 

With th i s  

In addition, the r-f 

Thus,  a 
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4 . 3  Futu re  P r o g r a m  

The  m a j o r  goal of a continuing p r o g r a m  should be improvemen t  in 

engine performance.  

mass and velocity efficiencies,  leading as a r e su l t  to improved  ove ra l l  

efficiency. Secondly, improvement  should be made  i n  engine repeat ibi l i ty  

and d ~ r ~ h i l i t y s  

be considered. 

Improvements  should first of a l l  be made  in  power,  

Finally,  the use  of pe rmanen t  magnets  should continue to  

Along with and n e c e s s a r y  t o  the pe r fo rmance  improvement  p rogram,  

development  of old and new diagnostics techniques should continue. 

instance,  a th rus t  stand should be developed for  d i r e c t  m e a s u r e m e n t  of 

engine thrust .  In addition, m o r e  accu ra t e  probes  of p l a sma  potential  

and e lec t ron  energy  mus t  be developed in o r d e r  to  study the important  

p l a s m a  p r o c e s s e s  upon which engine pe r fo rmance  depends. Techniques 

for  m e a s u r e m e n t  of the ion velocity dis t r ibut ion m u s t  a l s o  be improved. 

F o r  

Finally,  a continuing program should include study of this type of 

t h rus to r  as p a r t  of a miss ion  system. Missions f o r  which this t h rus to r  is 

uniquely qualified should be identified, and weight, s i z e  and power r equ i r e  

m e n t s  of the th rus to r  should be specified and compared  with competit ive 

engines.  
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APPENDIX 

Charge Exchange; 

If the acce le ra t ed  p lasma s t ream p a s s e s  through a background g a s  

Ef fec t  on Accelera tor  Charac t e r i s t i c s  

between emergence  f rom the acce lera tor  and impingement on some 

measu r ing  ins t rument  ( such  as a ca lor imeter  o r  par t ic le  ana lyser )  
J 

act ions between the acce lera ted  plasma and the background gas will 

n t e r -  

cause  

the s t r e a m  cha rac t e r i s t i c s  a s  measured  to differ f rom s t r e a m  cha rac t e r i s t i c s  

at emergence  f rom the acce le ra to r ,  

conditions i s  v e r y  likely to be the t ransfer  of charge f r o m  the s t r e a m  ions 

The dominant p r o c e s s  under these  

to the background gas molecules.  

We will a s s u m e  that the ion path length in  the acce lera t ion  region i s  

s h o r t  compared  with the path length ,tm f r o m  the end of the acce lera t ion  

zone to the plane in which measurements  a r e  made. 

energy  r ema ins  constant, and the ca lor imeter  will m e a s u r e  the t rue  s t r e a m  

In this  case ,  s t r e a m  

power. Similar ly ,  the velocity distribution of the a r r i v i n g  s t r e a m  will  be 

the s a m e  as for  the s t r e a m  emerging f rom the acce lera tor .  If the to ta l  

efficiency, 

T 2  
?= - 

2 P R  

is expres sed  a s  the product of mass ,  power and velocity efficiencies,  

( w h e r e  Ro and R a r e  the input and acce le ra t ed  m a s s  flows, respect ively)  
1 
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then these  resu l t s  m e a n  that valid measu remen t s  of q and q V  will  be 
P 

made. 

The  m a s s  efficiency q m  will, however,  not be accu ra t e  i f  the ion 

flux, as measured  i n  a probe circui t ,  is taken to  be the total  flux. That  

is, R1 will  contain acce le ra t ed  ions (R . )  which reached  the probe  undisturbed, 
1 

and neut ra l s  ( R  ) which or iginal ly  were  acce le ra t ed  ions but which lo s t  t he i r  
n 

charge  during t rans i t  to  the probe. A compar ison  m u s t  now be made  between 

the m e a s u r e d  mass  efficiency q m m  (using ion flux data),  and the t r u e  m a s s  

efficiency rim: 

The neut ra l  flux in the s t r e a m  can be expres sed  a s :  

- n r L ,  
Rn = R 1 ( 1 - e  

where  n is the background par t ic le  density and c- is the charge exchange c r o s s  

section. If the product n .tm is smal l ,  th is  can be approximated by: 

R n n t & R 1  

and 

I\.\ 
t nG'? lu 

q m =  q m r n  

F o r  a rgon  ions with energ ies  of approximately 200 vol ts ,  '.: 

about 3 x 

will  be 
.e, 

2 'I' cm . Let  u s  a s s u m e  the t r a n s i t  path (! is 1 0 0  cm and m 
. . . . . . . . . . . . . . . . . . . . .  
:::-Sanborn C. Brown, Basic  Data of P l a s m a  Phys ic s ,  J. Wiley, New York, 
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calculate  the background p r e s s u r e  needed to cause  a 10% change in  the 

r e  sult. 

F o r  purposes  of calculation, assume 7, is 0.3, requi r ing  tha t  n be 

1 x 10 
11 3 

p a r t i c l e s / c m  o r  l e s s  in o r d e r  that  charge  exchange not cause m o r e  

than a 10% change in the m a s s  efficiency measurement .  This  means  that the 

background p r e s s u r e  (a t  room tempera ture)  should be something under 

1 x lo-’ m m  Hg. 
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